Polynucleotide phosphorylase activity was demonstrated in free-living and the symbiotic bacteroid forms of Rhizobium meliloti and in free-living Rhizobium japonicum. Crude extracts of R. meliloti F-28 catalysed the polymerization of 3.0 pmol ADP (mg protein)-l h-l. The polynucleotide phosphorylase activity of symbiotic R. meliloti was about 50 % of that of free-living R. meliloti and remained almost constant throughout the development of the nodules. Partially-purified fractions of free-living R. meliloti F-28 catalysed the polymerization of ribonucleoside diphosphates, the phosphorolysis of synthetic homopolymers and natural heteropolymers, and the /!?-phosphate exchange reaction. The enzyme had a pH optimum of 8.0 and had an obligatory requirement for Mg2+ for maximum activity. The phosphorylase was not highly primer-dependent, had low specificity for guanosine-containing substrates, and exhibited cooperative-type kinetics.
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I N T R O D U C T I O N
Polynucleotide phosphorylase ( polyribonucleotide : orthophosphate nucleotidyltransferase, EC 2 . 7 . 7 . 8 ) catalyses the reversible incorporation of ribonucleoside diphosphates into ribonucleotide polymers. The reverse reaction, the phosphorolysis of polyribonucleotides, is believed to be the principal reaction in vivo resulting in the degradation of RNA (Kinscherf & Apirion, 1975; Kaplan & Apirion, 1975) . The enzyme has been reported in several bacteria (Godefroy-Colbum & Grunberg-Manago, 1972) as well as in mammalian and plant tissues (See & Fitt, 1972; Brishammar & Juntti, 1974) .
Our interest in polynucleotide phosphorylase of rhizobia originated from studies of Dilworth & Williams (1967) who demonstrated that the RNA content in the bacteroid form of Rhizobium lupini in lupine nodules decreased significantly during early nodule development. The RNA content decreased from 150 fg per bacteroid in I-week-old nodules to 20 fg per bacteroid in 6-week-old nodules. A similar change has been observed in developing alfalfa nodules infected with Rhizobium meliloti F-28 (A. Paau & J. R. Cowles, unpublished results) . The effect of significant RNA degradation by polynucleotide phosphorylase would be that less energy (ATP equivalents) would be required to resynthesize nucleoside triphosphates than if RNA was hydrolysed by RNAase. In addition, the nucleoside diphosphates which are formed can be reduced directly to deoxyribonucleotides and used in DNA synthesis. The enzyme responsible for this reduction, ribonucleotide reductase, has previously been described in R. meliloti F-28 (Cowles & Evans, 1968; Cowles, Evans & Russell, 1969) .
This paper reports the presence of polynucleotide phosphorylase activity in free-living and symbiotic R. meliloti (and in free-living R. japonicum), and describes some properties of the enzyme. It is part of an overall study of the biochemical changes involved in the establishment of symbiosis in the rhizobia-legume system.
Enzyme preparation.
Approximately 20 g rhizobia were washed twice in 40 ml 50 mM-'fris HCI buffer, pH 8.0, containing 10 m~-2-mercaptoethanol and 0.1 mM-EDTA (buffer G ) and then disrupted in a cold French pressure cell. These and subsequent preparation and purification procedures were conducted at approximately 4 "C. The homogenate was centrifuged at 25000 g for 2 0 min and the supernatant was used as a crude extract. For further purification, the crude extracts were diluted to 20 mg protein ml-l with buffer G and heated at 50 "C for I h in a water bath. The coagulated denatured protein was pelleted by centrifuging at 120008 for 10 min. The supernatant was brought to 45 ' 4 saturation with ice-cold saturated (NHJ2SOl, pH 8.0. The mixture was equilibrated for another 10 min and then centrifuged at 12000 g for 10 min; the pellet was discarded. The (NHl)S04 concentration in the supernatant was increased to 65 % saturation and the above procedure was repeated. The resulting pellet was resuspended in 5 mM-Tris/HCI, pH 8.0, containing 10 m~-2-mercaptoethanol and 0.1 mM-EDTA (buffer C).
The fraction precipitated between 45 and 65 % saturation with (NH,),SO, (4 ml) was chromatographed on a Sephadex G-200 column (2.5 x 45 cm) previously equilibrated with buffer C. The eluant was collected in 5 ml fractions at a flow rate of 10 ml h-l. Fractions containing at least 60 % of the peak activity were pooled and adsorbed on a 2-5 x 12 cm DEAE-cellulose (Whatman DE-32) column previously equilibrated with buffer C. The column was first eluted with 50 ml buffer C containing 0 -2 M-KCI and then with 120 ml of a linear salt gradient (0.2 to 0.5 M-KCI in buffer C). The eluant was collected in 5 ml fractions at a flow rate of 0.75 ml min--l. Fractions containing at least 60 % of the peak activity were pooled, desalted on a column of , and stored at 4 "C. Enzyme assays. A typical polymerization reaction mixture (0.25 ml) contained: 80 pmol Tris, HCI buffer, pH 8.0; 0.4 pmol ADP; 0.1 pmol MgCI,; 0'025 pCi [U-''C]ADP (160 pCi pmol-l); 100 pg bovine serum albumin; and enzyme. The reaction was started by the addition of enzyme, incubated for 10 min at 37 "C, and terminated by the addition of 2 ml 5 % (w/v) trichloroacetic acid. After 5 min in an ice bath the acidinsoluble material was collected by filtering through a 2.1 cm diam. Whatman GF/A filter. The filter was washed with 30 to 40 ml 2 % trichloroacetic acid, dried and the radioactivity was determined in a liquid scintillation spectrometer. The vial contained 8 ml scintillation fluid [containing 5 g 2,5-diphenyloxazole and 0.3 g 1,4-di-2-(5-phenyloxazolyl)benzene in I 1 toluene]. One unit of activity was defined as the amount of enzyme necessary to incorporate 1.0 pmol nucleoside diphosphate into a polymer in I h.
A typical phosphorolysis reaction mixture (0.1 ml) contained: 40pmol Tris/HCI buffer, pH 8.0; 0 -1 pmol poly(A) (calculated as AMP); 1.0 pmol MgCI,; 1.0 pmol K2HP04; [3aP]PI (250000 to jooooo c.p.m.); and enzyme. The reaction was started by the addition of enzyme and incubated for 15 min at 37 "C. The reaction was terminated and the orthophosphate was precipitated by the method of Sugino & Miyoshi (1967) .
A 0.1 ml sample of the supernatant was added to a scintillation vial containing 6 ml scintillation fluid (as above) and 4 ml95 % (v/v) ethanol, and the radioactivity was determined in a liquid scintillation spectrometer.
One unit of activity was defined as the amount of enzyme necessary to incorporate ~' o p m o l phosphate into nucleoside diphosphates in I h.
The P-phosphate exchange reaction was measured using the phosphorolysis assay procedure except 0.4 pmol ADP and 0.1 pmol MgCI, were substituted for poly(A) and 1.opmo1 MgCI, in the reaction mixtures. One unit of activity was defined as the amount of enzyme necessary to exchange 1.0 pmol phosphate with terminal phosphate in I h.
Other procedures and determinations. Adenosine nucleotides were separated by ascending paper chromatography on Whatman 3MM paper, using 95 % ethanol/I.o M-ammonium acetate pH 5-0 (7 : 3, vIv) as solvent.
This method was used to analyse the products of the phosphorolysis reaction and in the preparation of [UJ4C]AMP; in both these procedures the reaction was stopped by adding an equal volume of icecold ethanol.
Gel electrophoresis was carried out as described by Davis (1964) 
R E S U L T S

Polynucleotide phosphorylase activity
The highest level of polynucleotide phosphorylase activity (ADP polymerization) was found in young free-living cultures of R. meliloti F-28 ( Table I) . Activity decreased to 50 : h in older cultures. Chromatography of the products of the reaction with [14C]poly(A) as substrate showed the principal product (70 %) to be ADP. Polynucleotide phosphorylase activity in bacteroids of alfalfa nodules was about 50 % of that of a free-living culture of R. meliloti F-28 with an Eseo of 0.7. The level of phosphorylase activity did not change appreciably in symbiotic rhizobia isolated from nodules of alfalfa plants grown to different ages. Polynucleotide phosphorylase activity of R. japonicum was approximately 40 % of that of R. meliloti F-28. Very little polynucleotide phosphorylase activity was detected in crude extracts of R. meliloti 3~o a 1 , a strain ineffective in establishing symbiosis. However, in this system the primary reaction product was adenosine and not ADP; purification of the extracts with ammonium sulphate removed competing factors, and increased the specific activity of the phosphorylase to 3-4 units (mg protein)-'.
PuriJication of polynucleotide phosphorylase
Polynucleotide phosphorylase in crude extracts of free-living R. meliloti F-28 was partiallypurified (see Table 2 ) and used to examine properties of the enzyme. The enzyme was purified approximately 75-fold and, after electrophoresis on polyacrylamide gels, protein and activity stains showed it to be the principal protein band. The DEAE-cellulose fraction was stable for at least 6 months when stored at 4 "C and did not contain detectable levels of RNAase or DNAase activity as measured by the methods of Kunitz (1946 Kunitz ( , 1950 ). An absolute requirement for primer was not established during enzyme purification, although phosphorylase activity was stimulated 40 % by the addition of sheared poly(A). Neither extended storage at 4 "C nor treatment with RNAase [50 pg (mg protein)-' for I h at 34 "C] converted the enzyme to dependence on primer.
Substrate preference ADP, UDP and CDP and poly(A), poly(U) and poly(C) were the most effective substrates for polynucleotide phosphorylase of R . meliloti F-28. In the polymerization reaction (Table 3) , GDP was polymerized at less than 10 ; (, of the rate of ADP polymerization. ATP and AMP, alone or in combination, were ineffective as substrates. ATP inhibited the rate of ADP polymerization by about 25 % while, surprisingly, AMP stimulated ADP polymerization by 30 %. GDP and dADP were effective inhibitors of ADP polymerization. More than 80 : (, inhibition was caused by 0.8 mM-GDP and 0.16 mM-dADP. In the phosphorolysis reactions (Table 4) , poly(G) was degraded at less than 15 % of the rate of other homopolymers while the naturally occurring heteropolymers were phosphorolysed at 0.5 to 3 % of the rate of poIy(A). The kinetics of the phosphorolysis of natural polymers are shown in Fig. I . DNA (RNAase-treated) was the only compound which was not degraded although the degradation of rRNA occurred very slowly.
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Fraction
Partially-purified extracts of R. meliloti F-28 also catalysed the /?-phosphate exchange reaction. The exchange rates for ADP, CDP, UDP and GDP were 244, 217, 261 and 50 units (mg protein)-', respectively.
Cation requirement
Polynucleotide phosphorylase activity was dependent on Mg2+ concentration (Table 5 ). The optimum concentration for both the polymerization and phosphorolysis reactions was 0.4 mM at standard substrate concentrations. However, the optimum Mg2+ concentration was related to nucleotide or polymer concentrations and to the specific substrate, as reported p H optimum The optimum pH for the phosphorolysis reaction was 8.0 (Table 6 ). The optimum pH for the polymerization reaction, however, was less well defined. Maximum or near maximum activity occurred at pH 8.0 which was the pH used in the investigation.
Enzyme kinetics
Polynucleotide polymerization responded to increasing concentrations of ADP over a range from 0.1 ,UM to 64 mM (Fig. 2) . At very low substrate concentrations (0.1 to 1.6 p M -ADP), a definite upward curvature was noted (Fig. 26) . The initial curvature could have resulted from second-order kinetics or from substrate cooperativity. A Hill plot indicated positive cooperativity at low and high substrate concentrations, with c values of 1-38 and approximately I -4, respectively, but negative cooperativity (c = 0.75) at intermediate ADP concentrations (Fig. 3) .
The effect of poly(A) and P, concentrations on polynucleotide phosphorolysis activity was investigated. Increasing concentrations of poly(A) at a constant P, concentration gave Michaelis-Menten kinetics with an apparent K, of 0.32 mM (Fig. 4a) . However, the response to increasing concentrations of phosphate at a constant poly(A) concentration did not follow normal Michaelis-Menten kinetics (Fig. 4b) . A Hill coefficient of 0.83 was determined from the data, indicating negative cooperativity for phosphate binding (Fig. 5 ).
Polynucleotide phosphorylase of R. meliloti Fig. 4(b) .
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The properties of polynucleotide phosphorylase of free-living R. meliloti F-28 were similar to those reported for this enzyme from other micro-organisms (Godefroy-Colburn & Grunberg-Manago, I 972). Certain differences, however, were noted and are worth further consideration. One was that polynucleotide phosphorylase of A. meliloti F-28 was not absolutely primer-dependent, which was unlike the phosphorylase of Escherichia coli and a Micrococcus sp. (Godefroy-Colburn & Grunberg-Manago, I 972). The lack of primer dependence could be similar to that encountered in the Azotobacter system (Ochoa, Krakow & Basilio, 1965) . A second difference was the relative ineffectiveness of GDP and poly(G) as substrates for the R. meliloti phosphorylase system. In E. coli, for example, the rates of diphosphate-P, exchange for ADP and GDP were similar (Kimhi & Littauer, 1968) . Methods used in other systems to stimulate GDP polymerization (Fresco & Su, 1962 ), e.g. the addition of Mn2+, the use of a high enzyme:low GDP ratio, or incubation of 50 "C, were ineffective in increasing GDP polymerization by the R. meliloti system.
One of the most interesting aspects of the R. meliloti F-28 polynucleotide phosphorylase system was the positive: negative: positive cooperativity for the polymerization reaction. This can represent an enzyme with four binding sites (Segel, 1975) . The very long, low slope of the saturation curve at the intermediate ADP concentrations indicates the enzyme was in the ES, form, a characteristic of a negatively cooperative binding step. High substrate concentrations were required to overcome this aversion to binding. The kinetic data of the phosphorolysis reaction appeared similar to those reported for a Micrococcus sp. (Chou, Singer & McPhie, 1975) . The negatively cooperative binding obtained with the phosphorolysis reaction at varying concentrations of phosphate may also be associated with the M icrococcus system. Rhizobium meliloti F-28 from a culture with E660 of 0.7 appeared to be a good source of polynucleotide phosphorylase. The specific activity (polymerization assay) of crude extracts of R. meliloti was 70 to 80 % of that of Achromobacter sp. KR 170-4, a superior source of enzyme (Rokugawa et al., I975) , and 7 and 17 times greater than the activities reported for E. coli and Clostridium perfringens, respectively (Grunberg-Manago, I 963). In addition, the phosphorolysis activity of crude extracts of R . meliloti [I '85 units (mg protein)-l] was three times greater than that reported in crude extracts of E. coli (Kimhi & Littauer, 1968) .
The lack of a substantial decrease in polynucleotide phosphorylase activity in bacteroids of alfalfa nodules relative to free-living R. meliloti F-28 was unlike the activity of two other enzymes compared in these systems. Both DNA polymerase and ribonucleotide reductase activities were approximately 10 times lower in bacteroids of alfalfa nodules than in freeliving R. meliloti F-28 (Cowles et al., 1969; Pau & Cowles, 1975) , whereas there was only a two-fold average difference in polynucleotide phosphorylase activity between the cultures and symbiotic systems. The almost constant level of polynucleotide phosphorylase activity in bacteriods of nodules from alfalfa plants was different from the varying levels of DNA polymerase activity found in developing nodules (A. Paau & J. R. Cowles, unpublished work). Whether polynucleotide phosphorylase has a significant role in reducing the RNA content in developing alfalfa nodules remains to be determined but the relatively high and constant level of activity in the bacteroids certainly indicates this potential.
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